Clostridioides difficile is one of the leading causes of antibiotic-associated diarrhea. Gut 25 microbiota-derived secondary bile acids and commensal Clostridia that encode the bile 26 acid inducible (bai) operon are associated with protection from C. difficile infection 27 (CDI), although the mechanism is not known. In this study we hypothesized that 28 commensal Clostridia are important for providing colonization resistance against C. 29 difficile due to their ability to produce secondary bile acids, as well as potentially 30 competing against C. difficile for similar nutrients. To test this hypothesis, we examined 31 the ability of four commensal Clostridia encoding the bai operon (C. scindens VPI 32 12708, C. scindens ATCC 35704, C. hiranonis, and C. hylemonae) to convert CA to 33 DCA in vitro, and if the amount of DCA produced was sufficient to inhibit growth of a 34 clinically relevant C. difficile strain. We also investigated the competitive relationship 35 between these commensals and C. difficile using an in vitro co-culture system. We 36 found that inhibition of C. difficile growth by commensal Clostridia supplemented with 37 CA was strain-dependent, correlated with the production of ~2 mM DCA, and increased 38 expression of bai operon genes. We also found that C. difficile was able to outcompete 39 all four commensal Clostridia in an in vitro co-culture system. These studies are 40 instrumental in understanding the relationship between commensal Clostridia and C. 41 difficile in the gut, which is vital for designing targeted bacterial therapeutics. Future 42 studies dissecting the regulation of the bai operon in vitro and in vivo and how this 43 affects CDI will be important. 44
Introduction 56
Clostridioides difficile is an anaerobic, spore forming, toxigenic bacterial pathogen (1). 57 C. difficile infection (CDI) is a major cause of antibiotic associated diarrhea and a 58 significant health issue, causing 453,000 infections and is associated with 29,000 59 deaths and 4.8 billion dollars in excess medical costs a year in the U.S. alone (2). While 60 the current first line treatment of vancomycin can resolve CDI, 20-30% of patients who 61 successfully clear the infection experience recurrence (rCDI) within 30 days, and 40-62 60% of those who experience one episode of rCDI will experience further recurrences 63 (3, 4). Antibiotic use is a significant risk factor for CDI, as antibiotics alter the gut 64 microbiome, causing a loss of colonization resistance against C. difficile (5-7). This 65 alteration of the microbiome also affects the gut metabolome, causing a loss in 66 beneficial metabolites, including secondary bile acids generated by the gut microbiota 67 bai gene of interest from Geneious (41), then obtaining amino acid identity percentage 137 through BLASTp alignments (42) against coding sequences from the reference strain C. 138 scindens ATCC 35704. This data was visualized using the publicly available gggenes R 139 package (43) with slight modifications. All vs C. scindens ATCC 35704 alignments were 140 visualized using the BLAST Ring Image Generator (44), including entries for GC 141
Content and GC Skew. BLASTn was used for this alignment, with an upper identity 142 threshold of 90%, a lower identity threshold of 50%, and a ring size of 30. 143
Bacterial strain collection and growth conditions. The C. difficile strain used in this 144 study was R20291, a clinically relevant strain from the 027 epidemic ribotype (9). All 145 assays using C. difficile were started from spore stocks, which were prepared and 146 tested for purity as described previously (9, 45) . C. difficile spores were maintained on 147 brain heart infusion (BHI) media supplemented with 100 mg/L L-cysteine and 0.1% 148 taurocholate (T4009, Sigma-Aldrich). Then cultures were started by inoculating a single 149 colony from the plate into BHI liquid media supplemented with 100 mg/L L-cysteine. 150
Four strains of commensal Clostridia encoding the bai operon were used in this 151 study. Clostridium scindens ATCC 35704 (Cat #35704) was purchased from the 152 American Type Culture Collection. Clostridium scindens VPI 12708, Clostridium 153 hylemonae TN-271 and Clostridium hiranonis TO-931 were obtained from Jason M. 154
Ridlon (University of Illinois Urbana-Champaign, United States). All strains were 155 maintained on 15% glycerol stocks stored in -80 ºC until use and were grown in BHI 156 supplemented with 100 mg/mL L-cysteine. Media for C. hiranonis was BHI 157 supplemented with 100 mg/mL L-cysteine and 2 µM hemin. All strains used in this study 158
were grown under 2.5% hydrogen in anaerobic conditions (Coy, USA) at 37 ºC. 159 performed for each concentration of bile acid, and three biological replicates were 183 performed for each organism. 184
C. difficile inhibition assay with supernatants from commensal Clostridia 185
supplemented with and without bile acids. Cultures of C. scindens and C. hiranonis 186 were grown in fresh BHI supplemented with 0 mM, 0.25 mM or 2.5 mM of CA, while 187 cultures of C hylemonae were grown in fresh BHI supplemented with 0 mM, 2.5 mM or 188 7 mM of CA. After 14 hr of growth, cultures were spun down anaerobically at 6,000 rpm 189 for 5 min. Supernatants were then sterilized under anaerobic conditions using a 0.22 µM 190 filter and used in the inhibition assay at a ratio of 4 parts supernatant to one part BHI. 191
Cultures of C. difficile were started from a single colony and grown for 14 hr, then 192 subcultured 1:10 and 1:5 in liquid media and allowed to grow for 3 hr or until doubling, 193 then diluted to 0.01 OD in a mixture of 4 parts filtered supernatant to 1 part BHI. C. 194 difficile grown in a mixture of 4 parts PBS to 1 part BHI was used as a control for this 195
assay. 196
Bile acid controls included C. difficile grown in BHI supplemented with 0.25 mM, 197 2.5 mM 7 mM CA as well as BHI supplemented with 0.25 mM or 2.5 mM DCA. C. 198 difficile grown in BHI without bile acid supplementation was used as a positive control. 199
Cultures were allowed to incubate for 24 hr anaerobically at 37 ºC, then dilutions were 200 plated on BHI plates, and the number of colony forming units (CFUs) was calculated the 201 next day. Aliquots of the supernatants from C. scindens, C. hiranonis and C. hylemonae 202 from this assay were stored at -80 ºC for later bile acid metabolomic analysis. 203
Bile acid metabolomic analysis. Culture media supernatants were diluted 1:100 in 204 methanol (2 µL supernatant, 198 µL MeOH) and analyzed by UPLC-MS/MS. The 205 analysis was performed using a Thermo Vanquish LC instrument (Thermo Fisher 206 Scientific, San Jose, CA) coupled to a Thermo TSQ Altis triple quadrupole mass 207 spectrometer (Thermo Fisher Scientific, San Jose, CA) with a heated electrospray 208 ionization (HESI) source. Chromatographic separation was achieved on a Restek 209 Raptor C18 column (2.1 x 50 mm, 1.8 mM) maintained at 50°C. The following linear 210 gradient of mobile phase A (5 mM ammonium acetate) and mobile phase B (1:1 211 MeOH/MeCN) was used: 0-2 min (35-40%B, 0.5 mL/min), 2-2.5min (40-45%B, 0.5 212 mL/min), 2.5-3.5 min (45-50%B, 0.5 mL/min), 3.5-4.6 min (50-55%B, 0.5 mL/min), 4.6-213 5.7 min (55-80%B, 0.8 mL/min), 5.7-5.9 min (80-85%B, 0.8 mL/min), 5.9-6.5 min 214 (85%B, 0.8 mL/min), 6.5-8.5 min (35%B, 0.5 mL/min). For quantification, certified 215 reference material (50 mg/mL) for CA and DCA were obtained from Cerilliant. These 216 individual stocks were combined and diluted to achieve a 250 mM working standard 217 solution. Seven calibration standards ranging from 8 nM to 125 mM were prepared by 218 serially diluting the working standard solution. Both samples and standards were 219 analyzed (2 mL injections) in negative ion mode (spray voltage 2.5 kV, ion transfer tube 220 temperature 325°C, vaporizer temperature 350C, sheath gas 50 a.u., aux gas 10 a.u., 221 sweep gas 1 a.u.) using a Q1 resolution of 0.7 m/z, a Q3 resolution of 1.2 m/z and a 222 collision energy of 22 V. The following multiple reaction monitoring (MRM) transitions 223 were used: 407.1  407.1 (CA), 391.1  391.1 (DCA). 224
Targeted data processing. Peak integration and quantification were performed in 225
TraceFinder 4.1 (Thermo Fisher Scientific, San Jose, CA). Individual standard curves 226 for CA and DCA were constructed using peak areas from the quantifier transitions 227 (407.1  407.1 for CA, 391.1  391.1 for DCA). The concentrations of CA and DCA in 228 the study samples were calculated in an identical manner relative to the regression line. 229
Calibration curves for CA and DCA had R 2 values ranging of 0.9995 and 0.9983, 230 respectively, for the linear range of 8 nM to 125 mM with a weighting of 1/x. Validation 231 of the curve with a QC sample (2.5 mM) passed with a threshold of 10%. 232 RNA extraction from commensal Clostridia cultures supplemented with CA. C. 233 scindens, C. hiranonis and C. hylemonae liquid cultures were started from a single 234 colony and grown for 14 hr, then subcultured 1:10 and 1:5 in liquid media and allowed 235 to grow for 3 hr or until doubling. Cultures of C. scindens and C. hiranonis were then 236 diluted to 0.1 OD in fresh BHI supplemented with 0 mM, 0.25 mM or 2.5 mM of CA, 237
while cultures of C hylemonae were diluted to 0.1 OD in fresh BHI supplemented with 0 238 mM, 2.5 mM or 7 mM of CA. Cultures were allowed to grow to mid log phase (OD of 239 0.3-0.5) then half of the culture was removed and stored for later extraction. The 240 remaining portion of the culture was allowed to grow for 14 hr until stationary phase was 241
reached. 242
Cultures were fixed by adding equal volumes of a 1:1 mixture of EtOH and 243 acetone and stored in the -80 ºC for later RNA extraction. For extraction, the culture was 244 thawed then centrifuged at 10,000 rpm for 10 min at 4 ºC. The supernatant was 245 discarded and the cell pellet resuspended in 1 mL of 1:100 BME:H 2 O, then spun down 246 at 14,000 rpm for 1 min. The cell pellet was resuspended in 0.3 mL of lysis buffer from 247 the Ambion RNA purification kit (AM1912, Invitrogen) then sonicated while on ice for 10 248 pulses of 2 sec with a pause of 3 sec between each pulse. Extraction was then 249 performed following the manufacturers protocol from the Ambion RNA purification kit. The housekeeping gene for each strain was determined by testing a list of genes 265 (Table 1 and Table 2 ) using cDNA standardized to a concentration of 0.3 ug/µL. Three 266 technical replicates were performed for each assay, and three biological replicates were 267 performed. C. scindens and C. hiranonis were tested with RNA from cultures grown to 268 mid log and stationary phase in media supplemented with 0 mM, 0.25 mM or 2.5 mM of 269 CA, while C. hylemonae was tested with RNA from cultures grown to mid log and 270 stationary in media supplemented with 0 mM, 2.5 mM or 7 mM of CA, and copy 271 numbers were calculated by the use of a standard curve. Analysis of copy numbers was 272 performed with Normfinder (46) and the gene with the lowest inter-group variance, or 273 stability value was selected (Table 3 ). The Log 2 fold change for each gene and each 274 condition (Table S1 ) was calculated by dividing the expression when CA was added by 275 the expression of the negative control (0 mM CA). 276
Competition studies between C. difficile and commensal Clostridia. C. scindens, 277 C. hylemonae and C difficile liquid cultures were started from a single colony as 278 described above. Monocultures of each organism were diluted to ~1x10 5 CFU/mL in 279 fresh BHI media, and 1:1 competition assays were ~1x10 5 CFU/mL of each organism in 280 fresh media. Determination of the conversion from OD to CFU/mL was performed for C. 281 difficile, C. scindens and C. hylemonae using a growth curve to measure OD and 282 CFU/mL. The conversion from OD to CFU/mL was calculated using a linear regression 283 analysis ( Figure S1 ). 284
Dilutions were performed at 0 hr and after 24 hr of incubation, and colonies were 285 counted to determine the number of CFUs per mL. Colonies were counted after the 286 plates had been incubated long enough to allow individual colonies to form, which was 287 24 hr for C. difficile and 48 hr for C. scindens and C. hylemonae. Differences in colony 288 morphology and growth time were used to distinguish between C. scindens, C. 289 hylemonae and C. difficile. 290
Statistical analyses. Statistical tests were performed using Prism version 7.0c for Mac 291 OS X (GraphPad Software, La Jolla, CA, United States). Significance was determined 292 by using one-way ANOVA to determine significance across all conditions, with Tukey's 293 test used to correct for multiple comparisons. Statistical significance was set at a p 294 value of < 0.05 for all analyses, (*p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001). All 295 assays were performed with at least three biological replicates. 296
Results

297
Genomic comparison between commensal Clostridia that encode the bai operon. 298
The bai operon of each strain was extracted for visual alignment and amino acid 299 comparison against reference strain C. scindens ATCC 35704 (Figure 1 ). The operons 300 of both C. scindens ATCC 35704 and C. scindens VPI 12708 are architecturally similar 301 with each gene within the operon sharing at least 97% identity at the amino acid level. 302
Interestingly, C. hylemonae TN 271 possesses a shorter bai operon due to the lack of 303 the baiA2 gene, while the bai operon of C. hiranonis TO 931 is ~ 1 kb longer than the 304 reference operon due to expanded intergenic regions. C. hylemonae TN 271 shares 305 between 63% and 89% identity with the reference operon and C. hiranonis displays 306 between 48% and 90% identity. Notably, the outermost protein coding sequences in the 307 bai operon of C. hylemonae TN 271 and C. hiranonis TO 931, baiB and baiI, exhibit a 308 significantly reduced percent identity when compared to other genes in the operon. 309
The differences in identity across these four operons is largely representative of 310 the whole-genome nucleotide comparison of each strain ( Figure S2 ), with C. hiranonis 311 TO931 sharing the least identity to the reference strain C. scindens ATCC 35704, 312 followed by the slightly higher percent nucleotide identity of C. hylemonae TN271, with 313 C. scindens VPI 12708 sharing the most nucleotide identity. 314 C. difficile is more resistant to cholate and less resistant to deoxycholate 315 compared to commensal Clostridia. 316
Since secondary bile acids such as DCA are made by specific commensal Clostridia 317 encoding the bai operon from CA and are inhibitory against C. difficile, we sought to 318 examine the resistance profiles of these bacteria with CA and DCA (9). We did this by 319 performing minimum inhibitory concentration (MIC) assays with CA and DCA for C. 320 difficle R20291 as well as four commensal Clostridia strains that encode the bai operon 321 (14-16). C. difficile had a high MIC of 10 mM with CA, (Figure 2 , Table S1 ), but a much 322 lower MIC of 1.56 mM with DCA. Of the commensal Clostridia, C. hylemonae had the 323 highest MIC against CA with 7 mM, while C. hiranonis and the two C. scindens strains 324 all had a MIC of 2.5 mM for CA. Of the commensals, C. hiranonis was most sensitive to 325 DCA, with a MIC of 0.78 mM. C. hylemonae was also sensitive to DCA, with a MIC of 326 1.25 mM. The two C. scindens strains were more resistant to DCA, with C. scindens 327 VPI 12708 having a MIC of 1.88 mM and C. scindens ATCC 35704 having a MIC of 328 2.19 mM. Although the commensal Clostridia tested have all shown the ability to 329 produce DCA in vitro, they all display sensitivity to it. Out of the four commensal strains, 330 only the two C. scindens strains had higher resistance to DCA than C. difficile R20291. 331 Different concentrations of CA and DCA were also able to alter the growth kinetics of 332 the commensal Clostridia and C. difficile as seen in Figures S3 and S4 . 333
Commensal Clostridia inhibit C. difficile in a strain-dependent manner that 334 correlates with the conversion of cholate to deoxycholate. 335
While all four commensal strains examined in this study have been shown to produce 336 DCA from CA in vitro, we wanted to ascertain whether this was sufficient to inhibit C. 337 difficile growth (15, 16, 47) . We developed an in vitro inhibition assay using 338 supernatants from overnight cultures of commensal Clostridia supplemented with and 339 without different concentrations of CA. The supernatants were then added to fresh C. 340 difficile cultures to investigate if commensal Clostridia capable of producing DCA from 341 CA were able to inhibit C. difficile growth. When the supernatant from C. scindens VPI 342 12708 cultures supplemented with 0.25 mM of CA and no CA were added to C. difficile 343 cultures, there was no inhibition of growth after 24 hr. When C. scindens VPI 12708 344 cultures were supplemented with 2.5 mM of CA, the supernatant significantly inhibited 345 C. difficile growth ( Figure 3A ). The level of inhibition was similar to the level of inhibition 346 seen when C. difficile was grown with 2.5 mM of DCA alone ( Figure S5 ). In order to 347 determine the levels of CA and DCA present in the supernatants added to C. difficile 348 cultures, targeted liquid chromatography-mass spectrometry (LC/MS) was performed. 349 C. scindens VPI 12708 was able to convert almost all of the CA present in the media to 350 DCA ( Figure 3A ). When the media was supplemented with 0.25 mM of CA, 0.24 ± 0.02 351 mM DCA was produced, and 1.97 ± 0.21 mM DCA was produced when the media was Figure 3C ), with 0.14 ± 0.03 mM DCA being 364 produced when supplemented with 0.25 mM CA, and 0.78 ± 0.05 mM DCA produced 365 when supplemented with 2.5 mM CA. C. hylemonae did not convert any of the CA 366 present in the media to DCA ( Figure 3D ). 367
Expression of baiE and baiG is increased when cholate is converted to 368
deoxycholate. 369
To investigate the effect of different concentrations of CA on expression of the bai 370 operon, three genes were selected for qRT-PCR analysis. We selected baiG, which is 371 responsible for transport of CA into the cell, baiE, which is responsible for the 372 irreversible and rate limiting step, and baiN, which is capable of performing the first two 373 reductive steps in the pathway (18, 19, 49) . Commensal Clostridia cultures were grown 374 in a rich media supplemented with different concentrations of CA for a 24 hr period, 375 followed by RNA extraction before qRT-PCR analysis. C. scindens VPI 12708 had a 376 significant increase in expression of baiE and baiG when 0.25 mM or 2.5 mM of CA was 377 present in cultures ( Figure 4A ). C. scindens ATCC 35704 also showed a significant 378 increase in expression in baiE and baiG when 2.5 mM of CA was present in cultures, 379
but not with 0.25 mM of CA ( Figure 4B ). C. hiranonis had a significant increase in 380 expression in baiE and baiG when 2.5 mM of CA was present in cultures ( Figure 4C) , 381 but the increased expression is approximately ten fold less than either C. scindens 382 strain with an equal amount of CA in the media. C. hylemonae had a decrease in 383 expression of baiE when 2.5 mM CA was added ( Figure 4D ), and decreased expression 384 of baiE and baiG when 7 mM of CA was added. Expression of baiN was not affected by 385 the different CA concentrations in the media, although a small but significant increase 386 was seen in C. scindens ATCC 37704 when supplemented with 2.5 mM CA. 387 C. difficile outcompetes commensal Clostridia in a strain dependent manner. 388
In order to explore our additional hypothesis that commensal Clostridia are able to 389 compete against C. difficile for similar nutrients, we performed 1:1 competition assays 390 between commensal Clostridia and C. difficile in rich media without the addition of CA 391 ( Figure 5 and Figure S6 ). A monoculture of each strain was used as a control for each 392 replicate performed. The competition index ( Figure 5 ) was calculated by dividing the 393 CFU of each strain after 24 hr of growth in the 1:1 competition assay with the CFU of 394 the monoculture control after 24 hr. The raw data from the competition assays is 395 available in Figure S6 . All commensal Clostridia growth was significantly inhibited in co-396 culture with C. difficile, with C. hiranonis being affected the most. C. difficile growth was 397 not negatively affected by any commensal strain except for C. scindens ATCC 35704, 398 which is consistent with the inhibition observed by C. scindens ATCC 35704 culture 399 supernatant without CA in Figure 3A and the inhibition observed by Kang et al. (48) . 400
Discussion 401
In this study we examined the genomic variation between four commensal Clostridia 402 strains containing the bai operon, determined their ability to produce DCA when 403 supplemented with CA, and investigated their ability to inhibit C. difficile in vitro. While 404 C. scindens VPI 12708, C. scindens ATCC 35704 and C. hiranonis all produced DCA 405 under these conditions (Figure 4 ), only C. scindens strains were able to inhibit C. 406 difficile when supplemented with 2.5 mM CA. This is likely due to the efficient 407 conversion of CA to DCA produced when they were supplemented with 2.5 mM CA. C. 408 hiranonis produced less DCA (0.78 mM) when supplemented with 2.5 mM CA. This 409 could be due to the lower MIC of C. hiranonis with DCA (0.78 mM) compared to C. difficile growth, which is likely due to the antimicrobial activity it produces (48). 414
Genomically the bai operon of C. scindens VPI 12708 had a high amino acid 415 similarity (~97%) to C. scindens ATCC 35704, but C. hylemonae and C. hiranonis were 416 more divergent than expected. This pattern continued when examining the entire 417 genome, with C. hiranonis and C. hylemonae diverging from C. scindens ATCC 35704 418 more than C. scindens VPI 12708. Of particular interest is the lack of baiA2 in the bai 419 operon in C. hylemonae. BaiA2 encodes a short chain dehydrogenase/reductase that is 420 responsible for two steps in the 7α-dehydroxylation pathway. One of those steps is the 421 conversion from cholyl-CoA to 3-oxo-cholyl-CoA in the oxidative arm, and the other is 422 the conversion from 3-oxo-DCA to DCA in the reductive arm of the pathway (13, 50). 423
However, it is important to note that while C. hylemonae lacks baiA2 in the main bai 424 operon, baiA1 is present elsewhere in the genome under the control of a different 425 promoter (12). BaiA1 can also perform the conversion from cholyl-CoA to 3-oxo-cholyl-426
CoA (50, 51). When baiA1 and baiA2 from C. scindens VPI 12708 were expressed in E. 427 coli, the substrate turnover (k cat ) was higher for BaiA1 than for BaiA2 (50). It is also 428 important to note that there may be other redundancies built in to the 7α-429 dehydroxylation pathway. When baiN was expressed in E. coli, it was capable of 430 performing two conversions, that of 3-oxo-4,5-6,7-didehydro-DCA to 3-oxo-4,5-dehydro-431 DCA then to 3-oxo-DCA. More recently, the entire bai operon pathway was expressed 432 in C. sporogenes and showed the same two steps being performed by different 433 enzymes, BaiH and BaiCD respectively (13, 49). While both sets of enzymes are 434 capable of performing these transformations, it is still unknown which one is 435 preferentially utilized by Clostridia encoding the bai operon. 436
Given the complexity of the 7α-dehydroxylation pathway and the apparent 437 redundancies built in, the production of DCA is likely very important for the commensal 438
Clostridia encoding the bai operon. It was surprising to see relatively low MICs of all four 439 commensal Clostridia against DCA (Figure 2 ), as this indicates that the organisms are 440 producing something that is detrimental to them in a sufficient concentration. The 441 reason these commensals produce DCA isn't known, but dietary DCA has been shown 442 to affect the microbiota in chickens and dietary CA supplementation in rats resulted in 443 the outgrowth of Clostridia and an increase in DCA, suggesting the production of DCA 444 may modulate the microbiome in a way favorable to these Clostridia (52, 53). While 445 DCA, like other bile acids, has detergent-like properties, the specific mechanism of 446 action of DCA or other bile acids involved in 7α-dehydroxylation, such as CDCA and 447 CA, DCA or CDCA were significantly longer than the control cells, while LCA had no 463 significant effect on cellular shape (24). While this indicates a potential mechanism for 464 the inhibition of growth by DCA, CDCA and LCA, the mechanism for how these bile 465 acids inhibit C. difficile toxin activity is still unknown (9, 24, 56) . 466
LCA, against commensal
C. difficile showed a very high tolerance to CA, with an MIC of 10 mM when 467 grown in 100 µL of BHI (Figure 2) . Interestingly, when C. difficile was grown in 200 µL of 468 BHI in the growth kinetics assay, growth was observed at 10 mM CA, and complete 469 inhibition only occurred at a concentration of 13 mM CA ( Figure S3 ). CA also appeared 470 to decrease the lag time of C. difficile when growth kinetics were analyzed ( Figure S3) , 471
indicating that supplementation with CA could be beneficial to C. difficile growth as well 472 as spore germination (22) . 473
While all four commensal strains tested are capable of making DCA, only the C. 474 scindens strains were capable of making enough to inhibit C. difficile ( Figure 3A-B) in 475 the in vitro assay performed. This is likely due to the higher amount of DCA produced 476 when C. scindens was supplemented with 2.5 mM CA. Under the conditions tested, C. 477 hylemonae did not produce DCA regardless of the amount of CA added to the media 478 ( Figure 3D ) and no increased activity in the bai operon was observed when the media 479 was supplemented with 2.5 mM CA or 7 mM CA. In another study, C. hylemonae did 480 have increased expression of several genes in the bai operon, including baiE and baiG 481 in a defined media supplemented with 0.1 mM CA. We tested expression of baiG, baiE 482 and baiN in BHI media supplemented with 0.1 mM CA, and found no increase in 483 expression (data not shown) (20) . This indicates that regulation of the bai operon may 484 be dependent upon changes in nutritional needs of the bacterium as well as the 485 presence or absence of bile acids, and there may be strain specific differences in 486 regulation. While C. hiranonis did produce DCA and had increased expression in bai 487 operon genes ( Figure 4C ) under the conditions tested, supernatants from C. hiranonis 488
were not able to inhibit C. difficile as it produced less DCA than either C. scindens strain 489 ( Figure 3C ). This is likely due to the susceptibility of C. hiranonis to DCA, as it's MIC for 490 DCA was lower than that of C. difficile and the amount of DCA produced (0.78 mM) was 491 the same as the MIC for DCA (Table S1 ). While we did not perform the inhibition assay 492 with CDCA, which is converted to LCA by the bai operon, the expression of baiG, baiE 493
and baiN was tested in C. scindens VPI 12708 and C. hylemonae cultures 494 supplemented with 0.025, 0.25, and 1.25 mM of CDCA. No significant changes in 495 expression were found in the presence of CDCA when compared to the no bile acid 496
control (data not shown). 497
While the production of DCA is a factor in the inhibition of C. difficile by 498
commensal Clostridia containing the bai operon, competition for nutrients may also play 499 a role. Like most Clostridia, C. scindens, C. hylemonae and C. hiranonis encode 500 enzymes that are used in Stickland fermentation, which is required for growth of C. 501 difficile and several other Clostridia (20, 21, 36, 37) . In particular, proline, which C. 502 difficile is auxotrophic for, is one of the most efficient electron acceptors. Another amino 503 acid that most commensal Clostridia can utilize for growth is hydroxyproline which can 504 be converted to proline using the hypD gene, which is present in many Clostridia (57, 505 58). There is also the production of other inhibitory metabolites to consider, such as the 506 tryptophan derived antibiotics 1-acetyl-b-carboline and turbomycin A that are produced 507 by C. scindens ATCC 35704 and inhibit C. difficile (48). C. difficile is also capable of the 508 production of inhibitory molecules. C. difficle ATCC 9689 produces proline-based cyclic 509 dipeptides, which inhibit C. scindens ATCC 35704, C. sordellii and several other 510 bacterial strains commonly found in the gut (48). As well as suggesting an important 511 role for tryptophan, which is required for the growth of C. difficile and C. scindens ATCC 512
35704, this indicates a potential mechanism for the inhibition of commensal Clostridia 513 when co-cultured with C. difficile ( Figure 5) (21, 35) . 514
Finally, there are some limitations to this study. As was seen with the expression 515 of baiE and baiG in C. hylemonae (Figure 4) , the type of media that is used for in vitro 516 assays could affect expression of some genes. In addition, in vitro assays do not 517 systematically mimic the in vivo environment, especially when studying a complex gut 518 environment. In addition, due to the lack of genetic tools available for these commensal 519
Clostridia at the time of the study, all assays were performed with wild type strains. This 520 means that in the experiments assessing inhibition of commensal Clostridia by CA, the 521 MIC values for C. scindens and C. hiranonis were likely affected by the conversion of 522 some of the CA in the media to DCA in the assay. While 7α-dehydroxylation also 523 transforms CDCA to LCA, only the inhibition of C. difficile by commensal Clostridia 524 supplemented with CA was examined in this study due to solubility issues with LCA in 525 media. 526
The genetic intractability of commensal Clostridia has made separating the inhibitory 527 effects of 7α-dehydroxylation from other potentially inhibitory mechanisms such as 528 nutrient competition or the production of antimicrobials difficult (48). However, a recently 529 published CRISPR-Cas9-based method for constructing multiple marker-less deletions 530 in commensal Clostridia shows great promise in assisting with this analysis (59). Future 531 in vitro studies using defined media are also needed to further examine the role nutrient 532 competition between C. difficile and commensal Clostridia. Additional in vivo studies are 533 also needed to elucidate the direct mechanistic role 7α-dehydroxylation by commensal 534
Clostridia plays in colonization resistance against C. difficile. Additional studies 535 dissecting the regulation of the bai operon in vitro and in vivo and how this affects CDI 536 will be important for future therapeutic interventions. 537
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